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SUMMARY 

Supplementing RM-15^3, values of the equilibrium composition and 

therraodynamic properties of air are presented at two additional tempera- 

tures, 10,000 and 50,000 K. The pure ideal-gas properties needed for 

these calculations are included.  Equilibrium values for the principal 

charged particles at 1000 and 2000 K, and for the CN molecule between 

1000 and 8000°K are also listed. Finally, the thermodynamlc properties 

of air between 1000 and 10,000°K at high densities (10 to Jl6 times 

standard density) are tabulated. These properties are calculated to 

include approximate corrections for the intermolecular interactions. 
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INTRODUCTION AND DISCUSSION 

Tables of the equilibrium composition and tnermodyntuaic properties of 

air for eleven temperatures between 1000 and 24,000 K and eight densities 

between 10"   and 10 times standard density were presented several years ago 

in RM-15^3.     '    Since that time Hilsenrath and Beckett of the Bureau of 

(2 3) Standards have published more complete tables of thermodynamic properties    ' 

covering a wider range of temperatures and densities with many more inter- 

mediate points.    However,  they have not published the equilibrium composi- 

tion values obtained in their work; moreover,  these values, even if pub- 

lished,  would hot satisfy all practical needs because of omission of carbon 

compounds and argon in the calculations.    Consequently, as various practical 

problems involving the equilibrium air composition have arisen, calculations 

supplementing those of BM-15^3 have been made.    The results are collected 

in the present memorandum.     In addition, neither the BAND nor the Bureau 

Of Standards thermodynamic calculations included corrections for gas 

imperfection due to forces between the molecules, which are significant at 

the higher air densities.    The results of some corrected calculations are 

reported herein. 

Tables 1 to 5 supplement BM-15^3 by presenting data for two additional 

temperatures,  10,000 and 50,000 °K.    The pure ideal gas properties listed 

in Tables 1 and 2 vere calculated using the same methods and spectroscoplc 

data as in the earlier work. These values were then used to compute 

the equilibrium composition,  Tables 3 and **•    The equilibrium thermodynamic 

properties were calculated for 10,000 °K (Table 5) but not for 50,000 °K, 

since the values in Ref.  3 should be accurate for the latter temperature. 
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The tabulated values for pressure,  entropy,  and number of moles per mole 

of cold air at 10,000    K agree reasonably well with the values of Hilsenratb 

(2) and Beckett, considering the neglect of argon in the latter calculations. 

For the energy, however,  there are differences of lt  2 and 6 per cent at 

p/p    a 10,  1 and 10~J,  respectively,  while the agreement sc other densities 

is within 1 per cent.     These differences are  quite surprising because no 

such differences were found at 8000 or 12,000 °K. *   '    The calculations for 

the three points in question were rechecked, but no error was found. 

In RM-15^3 the equilibrium amounts of charged particles at 1000 and 

2000    K were not calculated, since they comprise less than one-billionth 

of the total particles.    However,  there is some interest in the charged 

particles,  since even a very tiny fraction can affect the propagation of 

radio waves.     The results of calculations are given in Table 6.    As 

indicated on the table,  eome of the results are sensitive to the value 

assumed for the electron affinity of 0_, which is still uncertain experi- 

mentally.    Consequently,  Table 6 contains two values for each quantity, 

(k) corresponding to two possible values,  1.0 and 0.8 ev,  for the affinity. 

Recently, papers indicating that this affinity may be as low as 0.15 ev 

have been published,     '      although the present writer favors a value larger 

than 0.4 ev,  for reasons which will be published later»     In addition to 

this uncertainty,  it should be noted that the presence of even a few parts 

per million of an easily lonizable substance can inci-ease the number of 

free electrons by several orders of magnitude at these temperatures. 

The values listed in Table 6 for an affinity of 1 ev agree within 

(7) 
10 per cent with values given in a recent Douglas Aircraft Report,v'' 

except for obvioua errors in the latter values for 0" at 1000 °K and 
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p/po = 1 and 10"  ,  and at 2000 °K and p/p    » 1 aad 10" . 

The molecule CN is present in such small amounts  in equilibrium air 

that it was omitted in the calculations of RM-15^3«     Ifowever,   it is such an 

efficient radiator of visible light that it makes a significant contribu- 

tion to the total radiation from air over a considerable range of tempera- 

(8) tures and densities.v        For this reason, equilibrium values for CN in air 

betveen 1000 and 8000 °K have been calculated,  and are presented in Table 7« 

These results are based on ideal-gas free energy vtlues of Johnston, Beizer 

and Savedoff        (extrapolated for temperatures above 6000    K), and a 

dissociation energy D(CN) - 7.59 - 0o09 ev obtained recently by Knight 

and Rink.* Although it was found very recently that the evidence for 

this value  is not as conclusive as previously supposed,   it still appears 

to be the most probable value.* 

Neither the RANIr   '  nor the Bureau of Standards^   ,5'  thermodynamic 

calculations include corrections for gas imperfection, which typically 

amount to about 1 per cent at p/p    » 10, and 10 per cent at p/p    • 100. 

To make  such corrections accurately at high tempera tures,  one needs infor- 

mation not only on the  familiar interactions between ground-state molecules, 

but also on the interactions between excited molecules,  atoms and ions« 

Knowledge of the latter  is far from complete,  although several papers on 

this question have;  recently been published.    Fortunately, at high densities 

the degree of dissociation is moderately small and the degree of ionlzation 

quite  small up to about 10,000 °K.    Mjreover,   the  fraction of excited 

molecules  is small, except for the  lowest excited state of 0^,  which 

has an interatomic distance and other properties nearly the same as the 

ground state.    Also, the fraction of NO does not exceed 10 per cent and 
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its interaction energy is not greatly different from that of Np or 0_. 

Thus,   It Is reasonable to use a mean intemolecular potential for "air" 

molecules derived from measured second virial coefficients and represented 

by a Lennard-Jones    6-12    potential with constants c/k - 102    K and 

a * 3.62 S.'     '    Existing tables and formulas* can then be used to 

calculate the second and third virial coefficients and the corresponding 

corrections to the pressure, energy and entropy, for all temperatures 

for which the assumptions discussed above are reasonable* 

The results of such calculations,  with the additional assumption 

that the interraolecular forces do not change the chemical equilibrium 

constants significantly,  are presented in Table 8 for temperatures be- 

tween 2000 and 10,000 °K and density ratios between 10 and 316.    For the 

highest density considered the corrections to the pressure (and to Z » 

PV/RT) are roughly 50 per cent, and the accuracy of the tabulated values 

of P and Z is estimated to be within 10 per cent.    Corrections to the 

energy and enthalpy are only a few per cent at p/p    « 316,  while corrections 

to the entropy are almost negligible; the probable errors in these quantities 

are correspondingly smaller.    All corrections vary approximately in direct 

proportion to the density, so that at p/p   - 10 even the pressure should 

be accurate to better than 1 per cent.    The significant differences between 

(2) the values of Table 8 and the values of Hilsenrath and Beckett*      are due 

almost entirely to the corrections for gas imperfection, except at 10,000 

K, where the discrepancies already mentioned in connection with Table 5 

show up even more prominently at the higher densities.    The reason for these 

discrepancies is not known« 
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Ideal Gas Internal Energies and Free Energies at 10,000    K. 

E° - E°                                                       F° - E° 
secies —jg*  —2 

NO * 44.13 

CO 3.55 

co+ 
3.92 

N2 3.52 

«1 4.19 

NO 3-54 

N0+ 3.61 

°2 4.48 

°2 4.01 

•s 3.87 

e I.5000 

C 1.7038 

c+ 
1.5319 

N 1.9522 

N+ 
1.6493 

N++ 1.5210 

N+++ 
1.5055 

O" 1.5000 

0 1.6385 

0+ 1.7170 

0** 1.6186 

0+++ 
1.5371 

Ne 1.5000 

Ke* 1.5348 

A 1.5005 

A+ 1.5596 

A++ 1.7184 

f 
Not calculated. 

33.965 

34.777 

33.147 

34.560 

35.776 

34.015 
36.221 

35.470 

35.225 

8.7917 
25.4124 

2U.8792 

24.8728 

25.566U 

25.0957 
23.3206 

25.311U 

25.7623 

2U.9615 

25.7177 
25.2746 

23.8630 

25.6236 

2^.8920 

26.6196 

27.0923 
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Table 2 

1 

Ideal Gas Internal Energies and Free Energies at 50,000 °K (kT • - 4.31 ev). 

Species 
E°  -E° o 

RT RT 

e" 1.5000 12.8153 

N 3.560i* 30.88*4 

N+ 2.3869 30.1583 

«.++ H 2.2220 

N*** 2.8057 28.239* 

0 3.0909 30.8530 

0* 2.3800 29.97*6 

o** 1.9616 30.1529 

o*** 2.0763 29.5995 

A U.3846 31.1528 

A+ 2.9268 31.1016 

A** 2.2133 31.5795 

Values for the neutral species are quite approximate, because of the 
arbitrary electronic cutoff (see RM-15U3). 
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o * Equilibrium Composition of Dry Air at 10,000    K 

UNITS:    Particles per Air Atom (Multiply by 1.9910 to get Moles per Mole of Air) 

Density Ratio p/p0 
Par- 
ticle 10 l 10"1 lO"2 lO"3 lO"* lO"5 lO"6 

N02 

CO 

3.22"6 
8.31"8 1.16"9 -••1 

1.17 • LG!"13 6.22-16 
1.31-18 SOI"22 

1.03 2.58"5 2.S5"6 2.29*7 I.33-8 4.78-10 8.13-12 j-ej-111 

C0+ 1.66"7 1.56"*7 5.72"8 Ukf* 2.78~9 3.U8-10 
2.51-n 7.18-1' 

;2* N2 
BO 

2.51"1 1.13-1 2.02"2 2.H*"3 -4 1.90 1.27"5 3.78"7 2.12"9 

1.29 2.21 1.29"U k.yf9 
1.26"5 

2.9T6 3.71"7 1.J3-8 

2.35"2 5^9"3 1.U9* 7.61*"5 6.89"6 4.89"7 1.66"8 I.07-10 

NO* 7.k6"h 6.61-4 
2.95 9.65'5 2.83"5 

6.99*6 1.01"6 
4.15-8 

°2 

°i 
e" 

8.2U"7 2.6V8 8.U1-10 
2.59-11 7.26-13 1.58-1* l.kk-X 1.67-19 

l.Ol"3 
1.23-" 1.28"5 1.26"6 

I.!?"7 8.70"9 
3.37-10 2.51-12 

^.36"6 2.02"6 6.88'7 2.17"7 6.k2~Q 1.69"8 2.78-9 los'10 

1.09"3 2.87~3 e.77"5 2.7^'2 8.if3"2 2.U2"1 
5.71-1 8.90"1 

C 5-7*"5 -4 
1.29 i.vo"4 

1.UT* 6.91"5 C.86"5 
7.83"6 1.28"6 

c+ 5.85"J 5.01"6 
1.77"5 *.6l"5 9.10'5 lox-" 1.52-* Ml* 

H 2.59"1 5.49"1 7.35'1 7.56"1 
7.13-1 5.82"1 3.18"1 .2 

H+ 
1.99"4 1.60"5 7.03"3 2.31-2 7.10 K 2.02"1 k.66"1 

7.09"1 

N~ I.22-15 3.73-14 5.37-15 5.65-12 5.6Vn 
5.59-10 5-Vf9 5.3T8 

HW 2.II-56 
2.U5'54 1.15"52 3.88"51 1.26"29 

4.35-2e Leo"26 I.13-2* 

O" 7.66'5 
2.23"5 6.97"6 2.16"6 6.3U"7 1.58"7 2.32"8 9.88-10 

0 1.85"1 
2.05"1 2.09"1 2.07"1 1.98"1 1.72"1 1.07"1 .2 

2.92 

0* 9^2"5 3.96"1* 1.32"3 U.19"3 1.30-2 3.94"2 l.Ol"1 1.82-1 

0~ 3.18"18 5.O8-17 5.5*-* 5.63"15 5.67"114 5.99"13 6.7O-12 
7.51-11 

0*~ 3.U2-*2 2.07-40 7.'.o"39 
2.fcl"37 7.88"^ 2.90"31* lO?"32 9.89*"-51 

He 2.00*5 2.00"5 2.00'5 2.00*5 2.00"5 2.00"5 2.00"5 1.98"5 » 

He* 1.30"11 MJT» i.urlc 
5.I6-10 1.68"9 5.84"9 2A8"8 1.57"7 

A fc.69"5 ii.69"3 iu6e"5 if.65"3 
^57"3 4.30-3 3A2'3 1.38"3 

A* 9.17'7 5.U7-6 l.iiT5 3.62"5 
Ulf* 3.78 1.28-3 3.30"3 

A~ Li*"16 2.09"15 •.*•** 2.28"13 
2.37-12 2.70-n 3.87"10 e.ko"9 

For all values,  the power of ten is indicated by a superscript.     The standard 

density is pQ . 1.2931 x 10"-^ gm/cm* (corresponding to 1 atm. pressure at 
273.16 °K). 
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UNITS:    Particles per Air Atom (Multiply by 1*991 to get Moles per Mole of Air) 

Equilibrium Composition of Dry Air at 50,000 °K. 

Density Ratio P/°O 
Par- 
ticle 10 1 IQ"1 io-2 IO"3 

Mf* 10-5 io'6 

e 7.53"1 1.23° 1.76° 2.11° 2.58° 2.92° 2.99° 3.00°                    | 

N 2.32"1 3.76"2 I.91"3 2.95"5 2.00"7 lf-30-10 4.88-13 it.9it_x6 

N+ 5.11*"1 5.10"1 1.81"1 
2.33"2 1.29"3 

2A5"5 2.72*7 
2.75"9 

N+* 3.8?"2 
2.35"1 5.86"1 6.27"1 2.84"1 k.n"2 5.16'3 5.21"1* 

H^ 2.3l"5 B.62'k I.50"2 1.34"1 4.98"1 7.36"1 
7.79"1 7.81*"1 

0 6.08"2 l.oe"2 6.96'k 1.34"5 1.38"7 U.35-10 
5.39-13 5.50-16 

0+ 1.WT1 
1.56"1 -2 

7.05 * 1.13"2 M9-* 2.6V5 
3.20-7 3.26-9 

0~ 6.58"3 4.38"2 1-38"1 I.85"1 1.27"1 3.12"2 3.69"3 3.76-" 

ow 
Itkf6 

5.99'5 1.33-3 l.Vf2 8.29"2 1.80"1 2.07"1 2.U"1 

A e.62~k 7.25"5 2.06"6 :,ik'Q h.n10 
6.07-12 6.35-14 6.35-16 

A+ 2.83"5 1.46'3 2.89"^ 3.68"5 if.52"6 
5.13"7 5.25-a 5-25"9 

A~ 1,00~3 3.16"3 k.ko"* ^.65"3 ^.69"3 4.69"3 U.69'3 lf.69"3 

For all values, the pover of ten Is Indicated by a superscript« 
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Thermodynamic Properties of Air at 10,000    K 9 

Density Ratio p/p 

10 1 IC1 io-2 10-5 io"u 10-5 IQ'6 

Pressure, Atmospheres 

5.296+2     6.423+1     7.181°       7.485"1     7-902*2     9-055"5     l.lVf3     1.37Ö"k 

Pressure, Dynes Per Square Centimeter 

5-366+8     6.508+7     7-276+6     7-584+5     Q.oo6+h     9-175+3     1.159*3     1-396*2 

Internal Energy, E - E ,  Calories Per Gram 

5.589+5     7.829+3     9.59B+5     LOU**     1.156**     l.»**     2.552+lt     2-978+U 

Internal Energy, E - E , Electron Volts Per Atom 

3.526°       4.939°       5.929°       6.393°       7.296°       9.737°       1.4ß4+1       1.878*1 

Internal Energy Density,  (E - E )p. Ergo Per Cubic Centimeter 

3.024+9     4.236+8     5.085+7     5.W2*6     6.257+5     8.350+U     l.273+*     1.611*3 

Dimensionless Internal Energy,   (E - E )/RT (Per Initial Mole of Air) 

8.1*7°       l.lM*1     1.370+1     Lklf1     1.686+1     2.250*1     3-429+1     4.34o+1 

Entropy of Dry Air In Chemical Equilibrium, S/R Per Mole of Cold Air 

3.868*1     4.574*1     5.26U+1     5.839""1     6.5304"1     7-622""1    9.365*1     1.138*2 

Number of Moles Per Mole of Cold Air 

l.W*5°       1.758°       1.966°       2.041°       2.158°       2.473°       3.128°       3.763° 

Effective Specific Heat Ratio for Shock Wavea,  y%  • 1 + P/pE 

1.1773°   1.1541°       1.1435°      1-1382°     1.1200°     1.1099°     1.09123°     1.08670° 

Note:    For all values, the powr of ten is indicated by a superscript. 
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Table  7 

* 
Number of Molecule8 of CN per Air Atom 

(Multiply by 1-991 to get Moles per Mole of Air) 

HM-2528 
12-30-59 
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Density Ratio p/p 

Temperature 
1 10-1 10-2 IC"' IQ"4 10-5 

1000 1.05^ J^3 1.05"^ 3.32 w i.o5-
Ul 3-32-41 LOS"110 

2000 9.27"22 
S.V

Z1 9.22-21 -20 2.92 9.01-20 2.73-19 7.10-19 

3000 1.70-14 k.*'* 1.11-15 2.oe"15 
3.75-15 8.88""15 2.6J-12 

4000 k.63'U 8.15-U 1.U5"10 3.45-10 1.01"9 
3.11-9 9.51"9 

5000 J.itf"9 6.1k-9 LSI"8 u.ua"8 -7 
1.29   ' 3.13-7 3.05-7 

6000 6.18-0 l.Wf7 3.82"7 9.79-7 1.26"6 3.39'7 3.I.4-8 

7000 5.80"7 1.I.2-6 3.16"6 2.67"6 k.9k~7 U.37-8 2.66"9 

8000 3.09"6 6.U9"6 5.65"6 1.13-6 1.05-7 6.70-9 2.88-10 

10 -6 

3.32 
-ko 

1.73 

8.20 

2.69 

5.66 

-18 

-12 

-8 

-8 

2.39 

1.13 

-9 

-10 

7.93 
-n 

Por each value, the power of ten is indicated by a superscript. These values are 

based on D(CN) * 7.59 * 0.09 ev.*10' 
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Tkble 8 

Thermodynamic Properties of High-Density Air 

log P/P0 
Z - PV/RT E/RT H/RT 

2000 °K 

S/R P 
1011 atm 

D 

2.5 
2.0 
1.5 
1.0 

1.610 
1.154 
1.045 
1.014 

2. 980 
2.956 
2.958 
2.960 

4.590 
4.110 
4.003 
3.974 

3000 °K 

23.51 
24.66 
25.82 
26.98 

3-728 
8.448 
2.418 
7.421 

3 
2 
2 
1 

2.5 
2.0 
1.5 
1.0 

1.613 
1.161 
1.050 
1.017 

3.315 
3.282 
3.289 
3.303 

4.928 
4.443 
4.339 
4.320 

4000 °K 

2?. 16 
26.32 
27*48 
28.58 

5.602 
1.275 
3.645 
1.117 

3 
3 
2 
2 

2.5 
2.0 
1.5 
1.0 

1.599 
1.164 
I.060 
1.037 

3.636 
3.590 
3.673 
3.793 

5.235 
4.75^ 
4.733 
4.835 

5000 °K 

26.49 
27.59 
28.83 
30.08 

7.403 
1.704 
4.908 
1.518 

3 
3 
2 
2 

2.5 
2.0 
1.5 
1.0 

1.592 
1.182 
1.092 
1.088 

3.871 
3.916 
4.102 
4.381 

5.463 
5.098 
5.194 
5.469 

6000 °K 

27-46 
28.72 
30.28 
31.60 

9.200 
2.163 
6.319 
1.993 

3 
3 
2 
2 

2.5 
2.0 
1.5 
1.0 

1.606 
1.212 
1.137 
1.142 

4.0^1 
4.212 
4.472 
4.800 

5.697 
5.424 
5.609 
5-942 

7000 °K 

28.38 
29.53 
31.20 
32.85 

1.115 
2.663 
7.695 
2.510 

4 
3 
2 
2 

2.5 
2.0 
1.5 
1.0 

1.628 
1.250 
1.180 
1.191 

4.280 
4.459 
4.759 
5.147 

5.908 
5.709 
5.939 
6.338 

29.20 
30.66 
32.14 
33.95 

1.319 
3.202 
9.551 
3.055 

4 
3 
2 
2 



Table 8 (continued) 

Thermodynamic Properties of High-Density Air* 

log p/po   Z - PV/RT    E/RP    H/BT     S/R 
10n atm 

8000 °K 

10,000 °K 

EM-2528 
12-30-59 
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2.5 1.660 4.476 6.136 29.90 I.536 4 
2.0 1.289 4.722 6.011 31.42 3.776 3 
1.5 1.235 5.148 6.383 33.30 1.143 3 
1.0 1.255 5*696 6.951 35.22 3.676 2 

2.5 1.737 5.648 7.385 31.58 2.010 4 
2.0 1.397 6.148 7.51*5 33.^5 5#114 3 
M *•?]£ 6'950 8.326 35.69 1.593 3 
1.0 1.466 8.149 9.615 38.68 5.365 2 

Includes correction for gas imperfection using second and third virial 

coefficients based on the I^onard-Jones potential for "air" molecules. ^^ 

Although quite crude at the higher temperatures vhere deviations from the 
iAnnard-Jones potential become significant and also where there is con- 

siderable dissociation, this correction should still be of the right order 
of magnitude. 
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